Neural and Molecular Dissection of a C. elegans Sensory Circuit that Regulates Fat and Feeding  by Greer, Elisabeth R. et al.
Cell Metabolism
ArticleNeural and Molecular Dissection
of a C. elegans Sensory Circuit
that Regulates Fat and Feeding
Elisabeth R. Greer,1 Carissa L. Pe´rez,2,3 Marc R. Van Gilst,2 Brian H. Lee,1 and Kaveh Ashrafi1,*
1Department of Physiology, 600 16th Street, Mission Bay Campus Box 2240, University of California, San Francisco, CA, 94158-2517, USA
2Division of Basic Sciences, Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA
3Molecular and Cellular Biology Program, University of Washington, Seattle, WA 98195, USA
*Correspondence: kaveh.ashrafi@ucsf.edu
DOI 10.1016/j.cmet.2008.06.005SUMMARY
A major challenge in understanding energy balance
is deciphering the neural and molecular circuits that
govern behavioral, physiological, and metabolic re-
sponses of animals to fluctuating environmental con-
ditions. The neurally expressed TGF-b ligand DAF-7
functions as a gauge of environmental conditions to
modulate energy balance in C. elegans. We show
that daf-7 signaling regulates fat metabolism and
feeding behavior through a compact neural circuit
that allows for integration of multiple inputs and the
flexibility for differential regulation of outputs. In
daf-7 mutants, perception of depleting food re-
sources causes fat accumulation despite reduced
feeding rate. This fat accumulation is mediated, in
part, through neural metabotropic glutamate signal-
ing and upregulation of peripheral endogenous bio-
synthetic pathways that direct energetic resources
into fat reservoirs. Thus, neural perception of ad-
verse environmental conditions can promote fat
accumulation without a concomitant increase in
feeding rate.
INTRODUCTION
Animals respond to changes in food availability through coordi-
nated behavioral, physiological, and metabolic responses. In
mammals, the central nervous system (CNS) integrates internal
and external signals of energy demand and availability and co-
ordinates outputs ranging from feeding behavior to energy
expenditure (Douglas et al., 2005; Morton et al., 2006; Saper
et al., 2002). The identities and organization of neural circuits
that regulate energy balance are just beginning to be elucidated
(Elmquist et al., 1998; Morton et al., 2006; Sternson et al., 2005;
Volkow and Wise, 2005). These circuits have largely been
proposed based on a combination of gene-expression studies,
neuroanatomy, electrophysiology, and imaging techniques. Re-
cently, brain region specific gene activation and inactivation
studies have begun to test and challenge the physiological sig-
nificance of some of these proposed neurocircuits (Balthasar
et al., 2004, 2005; de Luca et al., 2005; Dhillon et al., 2006; Fulton118 Cell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier Inc.et al., 2006; Hommel et al., 2006). However, the enormous com-
plexity of the mammalian nervous system makes functional dis-
section of neural circuits a daunting task. In addition to internal
signals of energy availability, visual, olfactory, gustatory, and
other sensory cues also act on the CNS to modulate feeding be-
havior (Volkow andWise, 2005). Little is known about the molec-
ular and neural circuits that underlie perception of environmental
conditions and their interplay with mechanisms that govern
behavioral, physiological, and metabolic pathways.
The relative simplicity of the C. elegans nervous system offers
the opportunity to functionally dissect the genetic and neural ba-
sis of food-evoked responses at great resolution. Several lines of
evidence indicate that, as in mammals, changes in nutrient avail-
ability elicit myriad behavioral, physiological, and metabolic
responses in C. elegans. For instance, removal of C. elegans
from their food source—bacterial lawns—causes a 50% re-
duction in feeding rate, which is upregulated upon reintroduction
to food (Avery and Horvitz, 1990). The C. elegans feeding rate is
measured by the number of contraction-relaxation cycles
(pumps) exhibited by the pharyngeal muscle, the worm’s feeding
organ (Avery, 1993b). When re-exposed to food, starved animals
temporarily feed faster than well-fed animals (Avery and Horvitz,
1990). Thus, the C. elegans feeding rate is not a simple reflex to
food but can be entrained by the experience of starvation. Upon
food depletion, hermaphrodites retain eggs (Trent, 1982), are
less likely tomate withmales (Lipton et al., 2004), and initiate var-
ious foraging behaviors (Hills et al., 2004; Sawin et al., 2000).
C. elegans also respond to dietary change and starvation
through alterations in expression of fat metabolic genes (Taubert
et al., 2006; Van Gilst et al., 2005a, 2005b), composition of fat
stores (Brock et al., 2007; Van Gilst et al., 2005b), and depletion
of fat reservoirs (McKay et al., 2003). How this wide range of re-
sponses are coordinated and molecularly relate to each other
are poorly understood.
We investigated the signaling cascade initiated by the TGF-b-
like ligand DAF-7 as a potential neural sensory mechanism coor-
dinating energy balance in response to fluctuating environmental
conditions. DAF-7 and its downstream signaling cascade were
first identified in the context of dauer formation, an alternative
developmental stage akin to hibernation (Riddle and Albert,
1997; Wadsworth and Riddle, 1989). When faced with low food
availability, high population density, and high temperature, early
larval-stage animals halt development and enter the hibernat-
ing dauer stage. Like hibernating mammals, dauer larvae are
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(Riddle and Albert, 1997; Wadsworth and Riddle, 1989). Dauer-
stage animals display metabolic (O’Riordan and Burnell, 1989;
Wadsworth and Riddle, 1989) and gene-expression changes
(Wang and Kim, 2003) that favor utilization of stored fats, sug-
gesting that fat reservoirs function as a nutrient source for these
nonfeeding animals.
daf-7 gene expression is only detected in one pair of sensory
neurons named ASI (Ren et al., 1996; Schackwitz et al., 1996).
Absence of food or excess daumone, a constitutively secreted
pheromone (Butcher et al., 2007; Jeong et al., 2005; Ren et al.,
1996) through which C. elegans gauge population density, re-
duce daf-7 expression leading to dauer formation (Ren et al.,
1996; Schackwitz et al., 1996). Accordingly, daf-7 loss of func-
tion promotes constitutive-dauer formation even under favorable
food conditions and low population density (Ren et al., 1996;
Riddle and Albert, 1997). Exposure of dauers to food results in
re-expression of daf-7, resumption of feeding, and reproductive
growth (Ren et al., 1996). Thus, the daf-7 pathway functions as
a sensor of environmental conditions to determine whether lar-
val-stage animals grow reproductively or enter hibernation.
Here, we report that the daf-7-signaling pathway is not re-
stricted to development but functions generally as a neural
sensory gauge of environmental conditions to modulate various
energy-balance pathways, including feeding behavior, fat
metabolism, and reproduction in adult animals. Interestingly,
downregulation of daf-7, which reflects depleting nutrient condi-
tions, causes buildup of fat reservoirs despite reduced feeding
rate. To understand this inverse relationship between fat accu-
mulation and feeding rate, we identified neurons and pathways
that mediate daf-7 regulation of these processes. Although re-
ceptors for DAF-7 are broadly expressed, we found that signal-
ing from the ASI sensory neurons to only two pairs of interneu-
rons—RIM and RIC—was sufficient for wild-type growth, egg
laying, fat, and feeding rate. In turn, we found that distinct signal-
ing cascades are initiated in these interneurons to independently
modulate fat and feeding. daf-7 inactivation leads to fat accumu-
lation, in part, through enhanced endogenous fat biosynthesis.
Therefore, despite reduced feeding rate, available energetic re-
sources are preferentially targeted to fat reservoirs, an adaptive
response consistent with perception of depleting nutrient re-
sources. The organizational logic of the neurocircuitry revealed
in our analyses allows for integration of multiple inputs and differ-
ential regulation of outputs, indicating that fat and feeding are
coordinated by independent outputs of the nervous system.
RESULTS
Reduced DAF-7 Signaling Causes Excess Fat Despite
Reduced Feeding
DAF-7/TGF-b ligand signals through the type I and type II TGF-b
receptors DAF-1 and DAF-4 (Estevez et al., 1993; Georgi et al.,
1990). Signaling through DAF-1/DAF-4 receptors inactivates
DAF-3, a receptor-associated coSMAD, to block dauer entry
and promote reproductive growth (Patterson et al., 1997).
Dauer-promoting activity of DAF-3 is, in turn, dependent on
DAF-12, a nuclear hormone receptor (Antebi et al., 2000)
(Figure 1A). At 25C, loss-of-function mutations in daf-7, daf-1,
and daf-4 cause constitutive-dauer entry, while loss-of-functionmutations in daf-3 and daf-12 abrogate dauer entry (Riddle and
Albert, 1997).
When maintained at 20C, daf-7, daf-1, and daf-4 mutants
grew into reproductive adults that displayed feeding rates that
were reduced by 20%–25% relative to wild-type hermaphro-
dites (Figure 1B and Table S1, which is online). Similar to dauers
(Kimura et al., 1997), late-larval and early-adult stage daf-7, daf-1,
and daf-4 mutants accumulated 2.5-fold more fat relative to
wild-type (Figures 1C, 1D, 5B, 5C, and data not shown). As pre-
viously reported (Trent, 1982), all of these mutants also retained
eggs (examples shown in Figure S1). The high fat, egg retention,
and reduced-feeding phenotypes of daf-7 and daf-1 were de-
pendent on daf-3 (Figures 1B–1D and data not shown). By con-
trast, loss of daf-12 did not alter the excess fat, reduced feeding,
andegg-retention ratesof thesemutants (Figures1B–1Danddata
not shown). Thus, while bothdaf-3 anddaf-12 are required for da-
uer entry when daf-7 or daf-1 are inactivated, fat, feeding, and
egg-retention phenotypes of these mutants only require daf-3.
This suggests amolecular divergence in regulation of dauer entry
from mechanisms that regulate fat, feeding, and egg retention.
daf-7 Functions as an Environmental Sensor in Adults
We sought to distinguish whether the excess fat and reduced-
feeding phenotypes of daf-7 and daf-1 mutants were due to al-
tered development or reflected an adult sensory role for this
pathway. Exposure of well-fed, wild-type adults to an acute 2 hr
dauer-pheromone treatment caused a 15% reduction in feeding
rate, mimicking the rate of untreated daf-7 mutants (Figure 1B).
Under similar conditions, pheromone treatment did not alter
the already reduced feeding rates of daf-7 and daf-1 mutants
or change the wild-type feeding rate of daf-3 mutants
(Figure 1B), suggesting that inhibition of DAF-7/DAF-1 signal-
ing—and subsequent activation of DAF-3—underlie the reduced
feeding caused by acute pheromone treatment. Finally, daf-12
mutants were susceptible to pheromone-induced feeding re-
duction, further supporting the notion that daf-12 is required
for dauer formation but not other daf-7-regulated processes.
This short pheromone treatment did not elicit detectable
changes in fat content and egg retention in any of the genotypes
tested (data not shown).
To examine the consequences of reactivating daf-1 in late-
larval/early-adult stage daf-1() mutants, we generated trans-
genic daf-1() animals carrying full-length daf-1 under the
control of a ubiquitously expressed heat shock-activated pro-
moter, hsp16.2 (Bacaj and Shaham, 2007; Stringham et al.,
1992). Fat, feeding, and egg-retention phenotypes of these
transgenic animals grown to the young-adult stage without
heat shock were indistinguishable from daf-1() mutants
(Figures 1D, 1E, and data not shown). By contrast, transgenic an-
imals that were briefly heat shocked at the L3/early-L4 stage,
displayed nearly wild-type fat, feeding, and egg-retention phe-
notypes within 24 hr (Figures 1C–1E and data not shown). Con-
sistent with acute pheromone-treatment results, heat-shocked
transgenic animals displayed nearly wild-type feeding rates as
early as 30 min posttreatment (Figure 1E), while reversal of fat
content and egg-retention phenotypes took up to 24 hr.
We also examined feeding rates of food-deprived adult-stage
wild-type and daf-7-pathway mutants. Within1 hr of food dep-
rivation, wild-type and all mutant genotypes displayed similarCell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier Inc. 119
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(Figure 1B). Thus, inactivation of daf-7/daf-1 signaling does not
shift basal feeding rates. Together, these findings suggest that
the daf-7 pathway has an environmental sensory role in late-lar-
val and early-adult stage animals and that phenotypes associ-
ated with inactivation of this pathway are not merely conse-
quences of altered development.
Genetic Dissection of DAF-7 Neurocircuitry
of Fat and Feeding
Since C. elegans reduce their feeding rate with decreasing food
concentrations (Avery and Horvitz, 1990), the reduced feeding of
daf-7mutants is consistent with perception of increased popula-
tion density and depleting food resources. Similar to fat accumu-
lation in preparation for dauer entry (Kimura et al., 1997; Wads-
worth and Riddle, 1989), adult-stage buildup of fat reservoirs
and retention of eggs is also consistent with preparations for
periods of nutrient deprivation (John, 2005; Kimura et al., 1997;
Wadsworth and Riddle, 1989). This, however, raises the perplex-
ing question of how, despite a 25% reduction in feeding rate,
daf-7 and daf-1 mutants accumulate some of the greatest fat
reservoirs observed in C. elegans (Kimura et al., 1997; Sze
et al., 2000). To understand the perplexing relationship between
fat and feeding in daf-7 and daf-1mutants, we next sought to de-
termine cellular sites through which daf-7 signaling modulates
fat and feeding.
While daf-7 expression is restricted to the pair of ASI sensory
neurons, its receptors— encoded by daf-1 and daf-4—are
broadly expressed (Gunther et al., 2000). daf-1 is expressed in
pharyngeal neurons, ciliated sensory neurons, interneurons,
ventral nerve-cord neurons, and in distal-tip cells of the gonad.
daf-4 expression overlaps with daf-1 expression but also
extends to other cells and tissues (Gunther et al., 2000). We
focused on cells that express the DAF-1 receptor for three
reasons. First, daf-1() fat, feeding, egg retention, and growth
phenotypes are indistinguishable from corresponding daf-7()
Figure 1. TGF-b Signaling Modulates Feed-
ing Rate and Fat Storage in Adults
(A) TGF-b signaling pathway as deduced from
genetic analyses of dauer formation.
(B) Pharyngeal pumping rates of TGF-b pathway
components under various conditions. For the
well-fed, pheromone untreated, daf-7(e1372) and
daf-1(m40) pumped at 81% and 77% of wild-
type rate, respectively. The reduced pumping
rate of daf-1(m40) was suppressed by daf-
3(mgDf90) but not by daf-12(m20). The pumping
rate of food-deprived young-adult wild-type and
all mutants without pheromone were reduced to
the same basal level. The pumping rate of well-
fed, pheromone-treated wild-type and daf-12 ani-
mals was reduced. Similar treatment did not fur-
ther reduce feeding rates of daf-7, daf-1, or daf-3
mutants. Standard deviation bars are shown.
(C) Examples of Sudan Black fat staining. Adult
daf-1(m40) mutants had increased fat relative to
wild-type. This excess fat was suppressed by
daf-3(mgDf90) but not by daf-12(m20). Excess
fat of daf-1(m40) animals was reduced by expres-
sion of daf-1(+) in late-larval/adult-stage animals
using an hsp16.2 heat-shock promoter. These im-
ages are representative of numerous animals from
each genotype observed in multiple, independent
experiments (see Experimental Procedures).
(D) Quantitation of relative amounts of Sudan
Black staining. Animals grown under identical
conditions were fixed and stained using methods
designed to minimize variation. For each geno-
type, average staining intensity of 10 animals is re-
ported. Asterisks indicate statistical significance
(p < 0.001) as determined by t test when compar-
ing genotype of interest with daf-1(m40). Standard
error bars are shown.
(E) Rescue of reduced pumping rate by expression
of daf-1 in late-larval/adult-stage daf-1(m40) mu-
tants. Pumping rate changes were noted 0.5 hr
and 24 hr after induction. Asterisks indicate statis-
tically significant change (p < 0.001 determined
by ANOVA with Bonferroni posttest) relative to
daf-1(m40). Standard deviation bars are shown.
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presses several TGF-b-type ligands, thus far, the DAF-1 receptor
has only been implicated in DAF-7 signaling (Krishna et al.,
1999). Third, inactivation of sma-6, encoding the only other
type I receptor identified in the C. elegans genome, causes small
body size but is not associated with changes in feeding rate and
fat (Table S1 and data not shown).
To identify cells that require daf-1 signaling for wild-type
regulation of feeding, fat storage, egg retention, and dauer
formation, we expressed full-length daf-1 using 20 different
neuron-specific promoters in daf-1() mutant animals. For
each promoter, we generated a full-length daf-1::gfp fusion
and a corresponding promoter::gfp reporter. For each construct,
we generated multiple independent transgenic lines (3 on aver-
age for each promoter::daf-1::gfp). Gene expression was con-
firmed by observing appearance of GFP in target cells (examples
in Figure 2A). The results described below and summarized in
Table 1 were consistent across multiple independent lines.
Expression of daf-1::gfp under its own promoter or the egl-3
panneural promoter fully rescued the adult feeding rate (Table
1, Figure 2B), fat storage (Figures 2C and S2), egg retention,
and larval dauer phenotypes of daf-1() animals (Table 1, ex-
amples of dauers and egg-retention phenotypes are shown in
Figure S2). We then systematically targeted daf-1::gfp to sen-
sory, inter-, and pharyngeal neurons. Reconstitution of daf-1 in
ASI neurons alone—site of daf-7 expression—or in almost all
60 ciliated sensory neurons using the bbs-1 and osm-6 pro-
moters (Ansley et al., 2003; Collet et al., 1998), failed to rescue
any of the daf-1() phenotypes (Table 1, Figures 2B, 2C, and
S2, and data not shown). Reconstitution of daf-1 in pharyngeal
neurons or gland cells using glr-7, glr-8 (Brockie et al., 2001a),
and B0280.7 promoters also failed to rescue any of the daf-
1() phenotypes (Table 1, Figure 2B, and data not shown). By
contrast, directing daf-1::gfp expression by glr-1, glr-4, and
glr-5 promoters (Brockie et al., 2001a), which target interneu-
rons, fully reverted the dauer-formation, egg-laying, feeding-
rate, and fat-storage phenotypes of daf-1() mutants back to
wild-type levels (Table 1, Figures 2B, 2C, and S2). However, ex-
pression of daf-1::gfp under the unc-47 and unc-17 promoters
(Alfonso et al., 1993; Eastman et al., 1999)—which target the
29 GABAergic and the 80 cholinergic motor neurons, respec-
tively—did not alter various daf-1() mutant phenotypes (Table
1 and data not shown). Thus, daf-1 expression in a specific
subset of interneurons is sufficient to allow for normal develop-
ment, egg laying, pumping rate, and fat storage. This is consis-
tent with the role of interneurons as integrators of sensory
information.
DAF-7 Signals to RIM and RIC Interneurons to Regulate
Fat and Feeding
We asked whether reconstitution of daf-1 in only a subset of in-
terneurons targeted by the rescuing glr-1, glr-4, and glr-5 pro-
moters would be sufficient to restore wild-type fat, feeding,
growth, and egg retention to daf-1 mutants. We reconstituted
daf-1::gfp expression under each of glr-2, ggr-1, dop-1, nmr-2,
and flp-1 promoters (Brockie et al., 2001a; Tsalik et al., 2003),
which direct expression to various subsets of cells also targeted
by glr-5-, glr-4-, and glr-1-rescuing constructs (Table S2). daf-
1() phenotypes were fully rescued when daf-1::gfp expressionCwas directed by nmr-2 but not by glr-2, ggr-1, flp-1, or dop-1
promoters (Table 1 and data not shown). Expression of glr-5,
glr-4, glr-1, and nmr-2 promoters compared to all other tested
promoters pointed to the RIM pair of interneurons as the only
cells commonly targeted by these rescuing promoters and ab-
sent in all nonrescuing promoters (Table S2). This was possible
since we could verify expression patterns of various promoters
in anatomically identifiable neurons (Table S2).
To test the role of RIM in daf-1 signaling, we used a tdc-1 pro-
moter targeting gene expression to only two pairs of interneu-
rons, RIM and RIC, as well as the uterine-vulval (UV-1) cells
(Alkema et al., 2005). All daf-1() phenotypes were fully rescued
when daf-1::gfp expression was directed by this promoter (Table
1, Figures 2B, 2C, S2, and data not shown). Exclusive expression
of daf-1::gfp in RIC interneurons by a tbh-1 promoter also re-
stored wild-type fat but only partially rescued the reduced
Figure 2. Reconstitution of daf-1 in RIM and RIC Interneurons
Restores Wild-Type Feeding Rate and Fat Storage to daf-1(m40)
Mutants
(A) Examples of neuronal-expression patterns of promoters used to target
daf-1::gfp. Axis indicates P, posterior; A, anterior; D, dorsal; and V, ventral.
(B) Effects of tissue-selective reconstitution of daf-1 on feeding rate. Asterisks
indicate statistical significance relative to daf-1(m40) (p < 0.001 as determined
by ANOVA with Bonferroni posttest). Standard deviation bars are shown.
(C) Effects of tissue-selective reconstitution of daf-1 on fat. Quantitations for
representative fat phenotypes shown here are reported in Figure S3.
(D) Pdaf-1::daf-1::gfp colocalized with Ptdc-1::RFP in RIM and RIC (white arrow-
heads).ell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier Inc. 121
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Figures 2B, 2C, and S2). Unlike the tdc-1 promoter, this tbh-1
promoter did not rescue the egg-retention phenotype of
daf-1() animals (data not shown). To demonstrate that RIM
and RIC are normally recipients of the DAF-7 signal, we ex-
pressed Ptdc-1::RFP and a functional Pdaf-1::daf-1::gfp and noted
a clear overlap between these reporter fusions in RIM and RIC
(Figure 2D). Consistent with a previous report (Gunther et al.,
2000), daf-1 expression was not detectable in UV-1 cells,
suggesting that these cells are not physiological targets of
DAF-7.
These data strongly suggest that the site of daf-1 expression,
specifically in RIM and RIC—rather than extent of daf-1 expres-
sion—determine whether wild-type fat, feeding, and reproduc-
tion levels are restored to daf-1() animals. Moreover, since
ASI does not synapse onto either RIM or RIC, our data indicate
that DAF-7 peptidergic signaling is not confined by direct syn-
aptic connections.
Selective Activation of daf-3 in RIM and RIC
Interneurons
Since DAF-1 signaling antagonizes activity of the coSMAD
DAF-3, we asked whether selective activation of DAF-3 in
RIM and RIC interneurons could lead to growth, fat, feeding,
or egg-retention phenotypes. Full-length daf-3 was expressed
using daf-1, osm-6, glr-7, tdc-1, and tbh-1 promoters in daf-
1(); daf-3() double mutants. In this background, targeted
cells would gain DAF-3 activity since the inhibitory function of
DAF-1 is eliminated. Selective reconstitution of daf-3 in ciliated
sensory and pharyngeal neurons using the osm-6 and glr-7 pro-
moters, respectively, did not alter the fat and feeding rates of
daf-1(); daf-3() animals (Figures 3A–3C). By contrast, recon-
stitution using the tdc-1 promoter resulted in reduced feeding
rate and increased fat levels similar in magnitude to those
seen when daf-3 was broadly expressed using the daf-1 pro-
moter (Figures 3A–3C). Furthermore, up to 20% of animals
in which daf-3 was reconstituted in only RIM and RIC formed
Table 1. Expression of daf-1 in Interneurons Is Sufficient to Rescue the Dauer Formation, Feeding Rate, and Fat-Storage Phenotypes
of daf-1(m40) Mutants
Genetic
Background
Promoter Driving
daf-1::gfp
Number of Cells
Expressing daf-1::gfp
Percentage
Dauer (n)a
Percentage WT
Pumping Rateb
Eggs
Retainedc
Control N2 (WT)
daf-1(m40)
daf-1(m40)
none 0 (150) 100% ± 2.8%e +
none 98 (480) 76% ± 2.7% +++
daf-1d many (>80) neurons 2 (179) 97% ± 2.1%e +
Panneuronal daf-1(m40) egl-3d many (>80) neurons 3 (112) 98% ± 3%e +
Sensory Neurons daf-1(m40) bbs-1 60 ciliated neurons 99 (142) 75% ± 6.7% +++
osm-6 56 ciliated neurons 100 (140) 69% ± 3.5% +++
daf-7 2 (ASI) 100 (79) N/D +++
Pharynx daf-1(m40) glr-8 25 pharyngeal neurons
and interneurons
56 (147) 82% ± 4% +++
glr-7 9 pharyngeal neurons 98 (249) 71% ± 6.0% +++
B0280.7 5 pharyngeal gland 98 (181) 74% ± 5.4% +++
Interneurons daf-1(m40) glr-2 24 94 (332) 74% ± 2.3% +++
unc-47 29 100 (102) 72% ± 4.7% +++
unc-17 80 37 (174) 76% ± 6.3% +++
glr-5d 56 6 (175) 97% ± 1.9%e ++
glr-4d 38 3 (248) 96% ± 2.9%e ++
glr-1d 24 14 (170) 90% ± 4.6%e ++
ggr-1 10 94 (119) 77% ± 7.1% +++
flp-1 2 100 (216) 76% ± 2.6% +++
dop-1 12 100 (231) 76% ± 6.1% ++
nmr-2d 12 2 (221) 95% ± 3.2%e ++
tdc-1d 4 interneurons and UV1 cells 1 (188) 98% ± 3.1%e ++
tbh-1d 2 57 (178) 84% ± 3.1%e ++
daf-1::gfpwas expressed under various promoters in daf-1(m40)mutants. Larval dauer formation, adult feeding rate, and fat content weremeasured in
each of the transgenic lines. Indicated results were consistent for at least three independent transgenic lines. Promoters used to drive daf-1::gfp are
grouped based on anatomical expressions.
a Percentage of animals that entered dauer when placed on food plates as L1s at 25C. A phenotypic example is shown in Figure S1.
b Average pumping rate of well-fed, young gravid adults. Standard deviations are shown.
c Young, well-fedwild-type animals retained10 eggs on average. This phenotype is denoted as (+). Mutants such as daf-1(m40) retained excess eggs
(24), denoted as (+++). Intermediate egg retention is denoted as (++). Phenotypic examples are shown in Figure S1.
d Expression of daf-1(+) by these promoters reduced the excess fat of daf-1(m40) to wild-type levels. Phenotypic examples are shown in Figure 1B.
e Statistically significant (p < 0.001 determined by ANOVA with Bonferroni posttest) increases in feeding rate relative to daf-1(m40).
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neuronal expression of daf-3 caused dauer formation in only
40% of transgenic animals. Finally, selective reconstitution
of daf-3 in RIC interneurons alone was insufficient to alter the
fat and feeding phenotypes of daf-1(); daf-3() animals. These
findings supported the daf-1 reconstitution studies in showing
that regulation of fat and feeding in response to the
environmentally sensitive DAF-7 signal is funneled through
RIM and RIC.
Inactivation of daf-7 Reduces Feeding via
Neurotransmitters Tyramine and Octopamine
RIM and RIC are somatic-nerve interneurons located in the lat-
eral ganglion (White et al., 1986). RIM functions as a motor neu-
ron and links theC. elegans tactile-responsive locomotory neural
circuit to the neural circuit that regulates headmovements. RIC is
the sole cellular site for synthesis of the monoamine neurotrans-
mitter octopamine (Alkema et al., 2005). Synthesis of tyramine
and octopamine requires conversion of tyrosine to tyramine by
tyrosine decarboxylase (TDC-1) and subsequent conversion of
tyramine to octopamine by tyramine b-hydroxylase (TBH-1).
RIM synthesizes tyramine (but not octopamine), while RIC can
synthesize both tyramine and octopamine (Alkema et al.,
2005). Other neurons do not synthesize either of these neuro-
transmitters.
Exogenous tyramine or octopamine were previously shown to
reduce pharyngeal pumping rates (Horvitz et al., 1982). Treat-
ment of wild-type animals with exogenous tyramine or octop-
amine caused reduced feeding reminiscent of rates of daf-7 or
daf-1 mutants, while loss of function of either tdc-1 or tbh-1 re-
stored nearly wild-type feeding rate to daf-1 and daf-7 mutants
(Figure 4A). These data suggested that active daf-7/daf-1 signal-
ing regulates feeding by blocking tyraminergic and octopaminer-
gic transmissions that originate in RIM and RIC.
To further delineate the daf-7 feeding regulatory pathway, we
examined feeding rates of ser-2 and tyra-2 mutants. ser-2 and
tyra-2 encode twoC. elegans biogenic G-protein coupled recep-
tors (GPCR) that exhibit greatest in vitro binding affinity for tyra-
mine (Rex et al., 2004, 2005). ser-2() and tyra-2()mutants had
wild-type feeding rates; however, inactivation of ser-2 (but not
tyra-2) restored wild-type feeding rate to daf-1 mutants (Figures
4A and S3). This was consistent with previous characterization of
ser-2 as a tyraminergic receptor thatmodulates feeding (Rex and
Komuniecki, 2002; Rex et al., 2004). To demonstrate that tyra-
mine signaling through the SER-2 receptor modulates feeding
in response to environmental cues, tdc-1() and ser-2() adults
were acutely treated with pheromone. Unlike wild-type animals,
pheromone treatment did not alter the feeding rates of thesemu-
tants (Figure S3). Additionally, in response to starvation, tdc-1()
and ser-2() mutants did not exhibit the full extent of feeding
reduction seen in wild-type animals (Figure S3).
To determine cellular sites where ser-2 signaling elicits
feeding rate reduction, we selectively reconstituted ser-2 in
daf-1();ser-2() double mutants. ser-2 expression has been re-
ported in 10% of head neurons, head muscle, and pharyngeal
neurons (Tsalik et al., 2003). Selective reconstitution of ser-2 in
pharyngeal muscle using the myo-2 promoter (Okkema et al.,
1993) did not alter the feeding rate of daf-1(); ser-2()
(Figure 4D). Only a modest reduction in feeding rate was ob-
tained when an egl-3 promoter was used to broadly express
ser-2 in head neurons but only weakly in pharyngeal neurons
(Figure 4D). By contrast, ser-2 reconstitution using a glr-7 pro-
moter was sufficient to reduce feeding rate of daf-1(); ser-
2() double mutants down to the rate of daf-1() (Figure 4D).
glr-7 promoter targets expression to I1, I2, I3, and I6 pharyngeal
interneurons; M1 pharyngeal neuron; and neurosecretory moto-
neurons (NSM) (Brockie et al., 2001a). Some of these neurons
have previously been implicated in regulation of pharyngeal
muscle pumping (Avery, 1993a; Avery and Horvitz, 1989; Niaca-
ris and Avery, 2003).
Together, these findings suggest a feeding circuit in which daf-
7 signaling from ASI sensory neurons acts on RIM and RIC to in-
hibit tyraminergic and octopaminergic neurotransmissions from
these interneurons. When adverse environmental conditions in-
activate daf-7, its inhibitory effects on tyramine and octopamine
are relieved, and in turn, tyraminergic signaling reduces feeding
rate largely via signaling to the SER-2 receptor on a small subset
of pharyngeal neurons that regulate activity of the pharyngeal
muscle.
Figure 3. Activation of daf-3 in RIM and RIC Causes Fat Accumula-
tion despite Feeding Reduction
(A) Feeding rate. Asterisks indicate statistical significance (p < 0.001 deter-
mined by ANOVA with Bonferroni posttest) relative to daf-1(m40); daf-
3(mgDf90). Standard deviation bars are shown.
(B and C) Fat content. Asterisks indicate statistical significance (p < 0.001) as
determined by t test comparing genotype of interest with daf-1(m40); daf-
3(mgDf90). Standard error bars are shown.
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Accumulation and Dauer Formation
Elimination of tyraminergic and octopaminergic signaling by each
of tdc-1, tbh-1, and ser-2 mutations restored nearly wild-type
feeding rate todaf-1()animalswithoutalteringconstitutive-dauer
formation, egg retention, and excess-fat phenotypes of this mu-
tant. This was reminiscent of the finding that inactivation of the
daf-12 abrogated the dauer-constitutive but not the fat, feeding,
and egg-retention phenotypes caused by daf-7 inactivation. Ac-
cordingly, daf-1(); tdc-1(); daf-12() and daf-1(); tbh-1();
daf-12() triplemutants bypassed dauer entry and, as adults, dis-
played nearly wild-type feeding rates yet accumulated excess fat
and retainedeggs (Figures4B, 4C, anddatanot shown). Together,
these findings suggested that, upon DAF-3 activation in RIM and
RIC, distinctmolecular pathwaysare engaged to regulate food-in-
take behavior, growth, andmetabolism. The effects on growth are
eventually mediated by the DAF-12 nuclear hormone receptor,
while the effects on feeding behavior are mediated by RIM/RIC-
synthesized neurotransmitters, tyramine and octopamine.
Figure 4. Tyramine and Octopamine Are Required for
the Reduced Feeding Rate but Not the Excess Fat of
daf-1(m40) Mutants
(A) Effects of tyramine and octopamine signaling on feeding
rate. Asterisks indicate statistical significance (p < 0.001 as
determined by ANOVA with Bonferroni posttest) for indicated
comparisons. Standard deviation bars are shown.
(B and C) tdc-1(ok914), tbh-1(ok1196), and daf-12(m20)muta-
tions did not suppress the excess fat of daf-1(m40). Asterisks
indicate statistical significance (p < 0.001) as determined by t
test comparing genotype of interest and daf-1(m40). Standard
error bars are shown.
(D) Reconstitution of SER-2 tyraminergic receptor using tis-
sue-specific promoters in daf-(m40); ser-2(pk1357) mutants.
Asterisks indicate statistical significance (p < 0.001 deter-
mined by ANOVA with Bonferroni posttest) relative to non-
transgenic daf-1(m40); ser-2(pk1357). Standard deviation
bars are shown.
daf-7 Inactivation Causes Fat Accumulation
through GPCR Signaling
The FOXO transcription factor encoded by daf-16
is required for the excess fat, long life span, stress
resistance, and dauer-constitutive phenotypes
associated with inhibition of C. elegans insulin sig-
naling (Lin et al., 1997; Ogg et al., 1997). However,
dauer-constitutive or excess-fat phenotypes of
daf-7mutants were independent of this insulin sig-
naling-regulated transcription factor (data not
shown and Ogg et al., 1997).
To identify mechanisms that underlie excess
fat accumulation of daf-7 mutants, we conducted
a mutagenesis screen. If the fat, feeding, and da-
uer responses elicited by daf-7 inactivation are
mediated through distinct mechanisms, we asked
whether we could identify mutations that specifi-
cally abrogate daf-1() fat increase without con-
comitant abrogation of other phenotypes of this
mutant. Among several such mutants identified,
one line—daf-1(m40 ft9)—was selected for fur-
ther analysis. When dauer-constitutive daf-1(m40 ft9) mutants
were allowed to bypass the dauer stage, they grew to adults
that had wild-type fat levels (Figure S4A), were hyperactive,
egg-laying constitutive, and displayed loopy movement and
vulval protrusion (data not shown). Similar results were ob-
tained for daf-7(e1372 ft9) mutants. The ft9 suppressor was
mapped to egl-30 (Figure S4 and data not shown), which en-
codes a Gq class a subunit of heterotimeric G proteins (Bas-
tiani et al., 2003; Schade et al., 2005). The G-to-T nucleotide
base change in egl-30 sequence obtained from the ft9 allele
is predicted to result in a glutamic-to-aspartic acid substitution
in a highly conserved residue within a phylogenetically con-
served domain (Figures S4B–S4D). The semidominant segre-
gation, as well as movement and egg-laying phenotypes of
egl-30(ft9), were consistent with previously described egl-30
gain-of-function mutations (Bastiani et al., 2003; Schade
et al., 2005).
EGL-30/Gqa signaling through phospholipase C-b generates
the second messenger diacylglycerol, while G0a signaling
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et al., 1999). Thus, phenotypes caused by gain-of-function mu-
tations in egl-30 can be mimicked by loss-of-function mutations
in goa-1 and dgk-1 (Hajdu-Cronin et al., 1999; Miller et al., 1999;
Segalat et al., 1995). goa-1() or dgk-1() did not significantly al-
ter fat levels of wild-type animals but reduced the excess fat of
daf-7() mutants to nearly wild-type levels (Figures 5B, 5C,
and data not shown). daf-7(); egl-30(gof), as well as daf-7();
goa-1() and daf-7(); dgk-1() double mutants, remained da-
uer constitutive and, as adults, displayed reduced feeding rates
(Figure 5A and data not shown). While these findings supported
the notion that fat and feeding could be regulated through dis-
tinct signaling pathways, interpretation of the results were
confounded by the fact that numerous processes—including
pharyngeal pumping, egg laying, and movement—involve
G-protein signaling.
Figure 5. Mutations in GPCR Signaling
and Metabotropic Glutamate Receptors
Abrogate the Excess Fat but not Reduced
Feeding of daf-7()
(A) Feeding rate. Asterisks indicate statistical
significance relative to daf-7(e1372) (p < 0.001
determined by ANOVA with Bonferroni posttest).
Standard deviation bars are shown.
(B) Representative examples of fat content in
various mutants.
(C) Fat quantitations. Asterisks indicate statistical
significance (p < 0.001) as determined by t test
when comparing genotype of interest with daf-
7(e1372). Standard error bars are shown.
(D) Expression sites of mgl-1 and mgl-3.
Pmgl-1::mCherry was expressed in AIA amphid in-
terneurons, RMDV and RMDD ring interneurons/
motoneurons, and pharyngeal NSM serotonergic
neurons. Pmgl-3::gfp was expressed in NSM,
ADF, ASE, and AWC amphid sensory neurons,
and the RIB and RIC interneurons. Occasional ex-
pression in BAG-ciliated neurons was also noted.
daf-7 Inactivation Causes Excess
Fat via Metabotropic Glutamate
Signaling
To identify signals that may be specifi-
cally required for excess fat in daf-7(),
we analyzed neurotransmitter and neuro-
peptide pathways that utilize GPCR sig-
naling. The C. elegans genome encodes
250 predicted neuropeptides, a subset
of which are processed by the subtili-
sin-family proprotein convertase EGL-3
(Husson et al., 2006). Wild-type process-
ing of at least 25% of predicted neuro-
peptides is altered in egl-3 mutants, one
consequence of which is reduced fat
content (Husson et al., 2007). However,
EGL-3 activity was dispensable for ex-
cess fat of daf-7() (data not shown).
Similarly, mutations in unc-17 (Alfonso
et al., 1993) and cat-2 (Lints and Em-
mons, 1999)—which abrogate acetylcholine and dopamine sig-
naling pathways, respectively—did not alter fat accumulation in
daf-7 mutants (data not shown). By contrast, inactivation of the
vesicular glutamate transporter encoded by eat-4 (Lee et al.,
1999) partially abrogated excess fat of daf-7() without sup-
pressing the reduced-feeding or dauer-constitutive phenotypes
of this mutant (Figures 5A–5C and data now shown). Unambigu-
ous dissociation of fat and feeding regulation was again con-
founded since glutamate signaling also regulates feeding rate
(Avery, 1993b; Lee et al., 1999).
Given requirements of GPCR and glutamate pathways, we
tested whether metabotropic glutamate signaling promotes fat
accumulation upon daf-7 inhibition. The C. elegans genome
encodes for three metabotropic glutamate receptors, mgl-1,
mgl-2, and mgl-3 (Dillon et al., 2006). Loss of either mgl-1 or
mgl-3 (but not mgl-2) reduced the excess fat of daf-7 mutants
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5C and S5). Combination of mgl-1() and mgl-3() further re-
duced excess fat accumulation of daf-7 mutants to 135% of
wild-type levels (Figures 5B and 5C). Despite nearly normalized
fat levels, these triple mutants remained dauer constitutive,
retained eggs, and displayed reduced feeding rates that were
indistinguishable from daf-7() (Figure 5A, Table S1, and data
not shown). Importantly, mgl-1() and mgl-3() mutants had
wild-type feeding rates allowing for unambiguous dissociation
of fat and feeding mechanisms elicited by daf-7 inactivation
(Figure 5A, Table S1). Finally, to investigate the specificity of me-
tabotropic glutamate receptors in suppressing excess-fat levels
of daf-7()mutants, we investigated the consequences of inac-
tivation in nmr-1 and glr-1, which encode for an N-methyl-D-as-
partate (NMDA) and a nonNMDA class of ionotropic-glutamate
receptors, respectively (Brockie et al., 2001b; Hart et al., 1995).
nmr-1() and glr-1() mutants had wild-type fat accumulation
and did not alter the excess fat of daf-7() (data not shown).
This supported the notion that the excess fat of daf-7() is
dependent on activation of specific glutamergic receptors.
To determine potential sites of mgl-1 and mgl-3 function, we
generated reporter fusions to each of their predicted promoters.
These promoter fusions were expressed in a very limited number
of neurons and only overlapped in the serotonergic pharyngeal
NSM neurons (Figure 5D). The largely nonoverlapping expres-
sion patterns of these reporter fusions were consistent with re-
dundant functions of mgl-1 and mgl-3 in mediating excess fat
of daf-7 mutants.
daf-7 Mutants Have Increased De Novo Fat Synthesis
Given that excess fat accumulation in daf-7 and daf-1 mutants
could not be attributed to molecular mechanisms mediating
the consequences of inactivation of this pathway on feeding,
egg laying, and growth, we sought to determine the effects of
daf-7() on metabolic pathways. As an initial characterization,
we examined de novo rates of fat synthesis. By following the in-
corporation of 13C-labeled carbons into palmitate, stearate, and
vaccenic acids extracted from C. elegans lysates, we obtained
estimates for the fraction of total lipids that were synthesized
de novo. Relative to wild-type, fat synthesis was upregulated
nearly 3-fold in daf-7 and daf-1 mutants, and this upregulation
was dependent on daf-3 (Figure S6A and data not shown).
To further investigate the role of de novo fat synthesis in ex-
cess fat of daf-7 and daf-1 mutants, we used RNAi to inactivate
fasn-1, encoding fatty acid synthase. Fatty acid synthase carries
out the cyclical reactions that generate fats from malonyl-CoA
(Asturias et al., 2005). Exposure of wild-type, daf-7(), and daf-
1() animals to fasn-1 RNAi resulted in larval growth arrest
(see example in Figure S6B). Growth-arrested daf-7 and daf-1
mutants had reduced fat levels indistinguishable from growth-
arrested wild-type animals (Figures S6B, S6C, and data not
shown). Finally, we determined that a 6 kb predicted fasn-1
promoter-reporter fusion was expressed in epidermal skin-like
tissue (hypodermis) (Figure S6D). Epidermal expression is con-
sistent with the metabolic role of fasn-1 since epidermal and in-
testinal cells are major sites of fat storage and metabolism in
C. elegans (Kimura et al., 1997; Mak et al., 2006; McKay et al.,
2003). Together, these results indicate that fasn-1 is critical for
fat synthesis and growth and that inactivation of daf-7 initiates126 Cell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier Inca signaling cascade that ultimately promotes de novo fat synthe-
sis in the periphery, providing one explanation for the excess fat
despite reduced feeding rate.
DISCUSSION
Independent Neural-Signaling Pathways Regulate Fat
and Feeding
We delineated a genetic and corresponding neuronal circuit that
links an environmental sensory mechanism to the regulation of
fat content and food-intake behavior in C. elegans. Adverse en-
vironmental conditions, such as increased population density
and low food availability, inactivate the neurally expressed
DAF-7 TGF-b-like ligand leading to reduced feeding rate, reten-
tion of eggs, and shift of energetic resources into fat reservoirs.
Inhibition of daf-7 elicits these responses even in the presence of
plentiful food and uncrowded conditions, suggesting that per-
ception of unfavorable conditions promotes fat storage. Since
daf-7 is exclusively expressed in the ASI neurons and these neu-
rons have been implicated in the regulation of life span by dietary
restriction (Bishop and Guarente, 2007), it is possible that, as
a gauge of conditions, daf-7 may be subject to regulation by
both external and internal cues of nutrient status.
Our analyses provide a solution to the paradoxical increase in
fat despite reduced feeding rate by revealing that daf-7 regula-
tion of fat is molecularly independent from daf-7 regulation of
feeding. This molecular divergence abrogates the requirement
of increased feeding rate as the sole basis of increased fat accu-
mulation. Excess fat accumulation in daf-7 mutants is associ-
ated with increased rate of de novo fat synthesis in peripheral
tissues. Therefore, while the rate of food intake is reduced, ener-
getic resources are preferentially directed into buildup of fat
reservoirs, an adaptive response in preparation for periods of
nutrient deprivation (Wang et al., 2006).
The combination of tissue-specific expression studies, phar-
macology, and genetic-epistasis analyses presented here
strongly support a model whereby under favorable environmen-
tal conditions, DAF-7 signaling from the ASI sensory neurons to
its receptors on RIM and RIC interneurons inhibits DAF-3 activa-
tion allowing for wild-type fat content, feeding rate, and repro-
duction. Under poor environmental conditions, DAF-3 activation
in RIM and RIC leads to tyraminergic regulation of feeding via the
SER-2 receptor on pharyngeal neurons and glutamatergic regu-
lation of fat through MGL-1 and MGL-3 metabotropic receptors
(Figure 6). Sincemgl-1 andmgl-3 reporter fusions localize to only
a few neurons, activation of metabotropic glutamate signaling in
these neurons must initiate other neural or hormonal signals that
ultimately signal to sites of fat regulation to shift the balance
between storage and utilization pathways.
RIM/RIC activation of DAF-3 also regulates the decision for
larval-stage animals to grow reproductively or enter hibernation.
Genetic and biochemical analyses have placed the DAF-9 cyto-
chrome P450 enzyme downstream of daf-3 and upstream of the
daf-12 nuclear hormone receptor in the dauer-entry pathway (Al-
bert and Riddle, 1988; Gerisch and Antebi, 2004; Gerisch et al.,
2001; Jia et al., 2002; Thomas et al., 1993). DAF-9 synthesizes
steroid hormone ligands that bind to DAF-12 to inhibit dauer for-
mation and induce reproductive growth (Motola et al., 2006). daf-
9 is expressed in epidermal cells, in the pair XXX head cells that.
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mathecae (Gerisch and Antebi, 2004; Mak and Ruvkun, 2004).
Selective reconstitution of daf-9 in epidermal cells is sufficient
to rescue the dauer-constitutive but not the egg-laying defect
of daf-7() (Gerisch and Antebi, 2004; Mak and Ruvkun, 2004).
Combining these findings with our results, we speculate that sig-
naling from RIM/RIC to epidermal cells regulates DAF-9 during
the dauer-entry program. Epidermal expressions of fasn-1 and
daf-9 suggest that this tissue is a major peripheral recipient of
neural signals that alter fat and sterol pathways in C. elegans.
The only signals that unambiguously originate in RIM and RIC
are tyramine and octopamine. Thus, it is possible that an as-of-
yet-unidentified signal originates in RIM and RIC that commonly
regulates fat, dauer, and egg retention. Upon release from RIM
and RIC, this signal must then diverge into glutamergic regula-
tion of fat and other molecular pathways that regulate egg reten-
tion and dauer formation (Figure 6).
Neuronal Circuitry of Energy Balance
Why should behavioral, physiological, and metabolic responses
regulated by daf-7 signaling be funneled through very specific
pairs of interneurons and subsequently diverge into distinct mo-
lecular pathways? As interneurons, RIM and RIC are recipients
of multiple neural inputs (White et al., 1986). This allows for inte-
gration of various cues regarding energy availability and de-
mand. In turn, regulation of diverse behavioral, physiological,
and metabolic responses through distinct molecular outputs al-
lows for fine-tuning and even short-circuiting of individual out-
puts. Such a differential regulation may be required under differ-
ent environmental conditions. For instance, food sources that
range in their nutrient qualities or presence of conflicting envi-
ronmental cues could require differential activation of food-
related responses. The daf-7 circuitry described here provides
an efficient solution for simultaneously allowing for coordination
while maintaining the flexibility for differential modulation of
responses.
The daf-7 circuit from ASI sensory neurons to RIM and RIC in-
terneurons would not be predicted from the C. elegans neural-
wiring diagram since there are no direct synaptic connections
from ASI onto RIM or RIC. Both C. elegans and mammalian neu-
rons secrete a large number of peptides associated with pro-
found behavioral and physiological effects (Ludwig and Leng,
2006). Since peptidergic circuits are not confined by synaptic
connections, elucidation of such circuits poses a major chal-
lenge that is particularly relevant to mammalian hypothalamus,
as it is enriched in neurons that secrete a plethora of peptides
(Seeley and Woods, 2003).
ConservedMechanisms of Energy Balance inC. elegans
and Mammals
Since energy balance is fundamental to organismal survival, we
speculate that the basic organizational logic as well as molecular
components of energy balance identified in C. elegans are likely
conserved in mammals. Given identification of metabotropic
glutamate signaling in neural regulation of fat in C. elegans, it is
intriguing that adult mice mutant in metabotropic glutamate-
receptor subtype 5 weigh significantly less than controls while
having a similar ad libitum food intake (Bradbury et al., 2005).
Furthermore, we identified tyramine, a functional counterpart ofCvertebrate noradrenaline (Roeder, 2005), as a modulator ofC. el-
egans feeding. Insertion of crystalline noradrenaline in the lateral
hypothalamus enhances feeding, while pharmacological inhibi-
tion of its synthesis decreases meal size in satiated rats (Ramos
et al., 2005). Thus, excess noradrenaline signaling mimics per-
ception of hunger just as C. elegans tyramine signaling elicits
a food-intake behavior normally caused by food deprivation.
Moreover, genetic dissection of mammalian energy regulatory
neurocircuits already point to functional and anatomical diver-
gence of brain areas that independently regulate feeding behav-
ior and energy expenditure. For instance, inactivation of melano-
cortin-4-receptor (MC4R) causes severe obesity marked by
hyperphagia and reduced energy expenditure in rodents and
Figure 6. Model for the TGF-b Neural Circuit of Fat and Feeding
Regulation
The DAF-7 TGF-b ligand expression is only detected in the ASI pair of sensory
neurons, while its receptors, DAF-1 and DAF-4, are broadly expressed in the
nervous system. During favorable environmental conditions, DAF-7 is se-
creted from ASI. Two pairs of synaptically distant interneurons—RIM and
RIC—are recipients of this signal, which inhibits the DAF-3 coSMAD. This pro-
motes wild-type growth, egg laying, food-intake behavior, and fat accumula-
tion. Adverse environmental conditions such as increased population density
combined with reduced food availability inactivate daf-7, relieving inhibition of
DAF-3. During early-larval stage, this leads to dauer formation and requires the
nuclear hormone receptor DAF-12. In adults, DAF-3 activation in RIM and RIC
causes reduced feeding rate, egg retention, and increased fat. These pro-
cesses are regulated through distinct signals. Subsequent to DAF-3 activation,
tyramine (synthesized in RIM and RIC) and octopamine (synthesized in RIC)
cause feeding reduction. Tyraminergic feeding reduction is mediated through
activation of the SER-2 GPCR on a subset of pharyngeal neurons. Glutamate
signaling through neuronally expressed metabotropic glutamate receptors,
MGL-1 and MGL-3, mediates fat-increasing effects of daf-7(). Fat increase
is ultimately associated with increased de novo fat synthesis in the periphery.ell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier Inc. 127
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reactivating MC4R expression in subsets of rodent neurons,
Balthasar and colleagues showed that functional reconstitution
of MC4R in the paraventricular nucleus of the hypothalamus
and amygdala fully corrects the hyperphagia of MC4R- null
mice (Balthasar et al., 2005). Thesemice still develop obesity be-
cause of reduced energy expenditure, suggesting that MC4R
regulates feeding and energy expenditure through distinct neural
sites (Balthasar et al., 2005).
In summary, we functionally characterized aC. elegansmolec-
ular andneural circuit that regulates fat and feeding in response to
sensory cues. Rather than feeding as the primary determinant of
fat regulation, we found that these pathways are coordinated but
independent outputs of the nervous system. Aberrant activation
of neural fat-promoting pathways can therefore lead to excess
fat accumulation without concomitant increases in feeding rate.
EXPERIMENTAL PROCEDURES
C. elegans Maintenance and Strain Constructions
Nematodes were grown and maintained on nematode growth media (NGM)
plates using OP50 E. coli bacteria as food source as described (Brenner,
1974). Dauer-constitutive strains were maintained at the permissive tempera-
ture of 20C. Although daf-1(m40) and daf-7(e1372) dauer phenotypes are
temperature sensitive, neither the pumping rate nor the fat phenotypes de-
pend on temperature.
Strains were obtained from the CGC (http://www.cbs.umn.edu/CGC/),
OMRF Knockout Consortium (http://www.mutantfactory.ouhsc.edu/), and
the National Bio-Resources Project (http://www.shigen.lab.nig.ac.jp/c.
elegans/) (Table S1). When generating double and triple mutants (Table S1),
animals with desired combination of mutations were confirmed by PCR and
sequencing.
Sudan Black Fat Staining and Quantitation
All Sudan Black assays were performed at room temperature (22C) (as previ-
ously described in Kimura et al., 1997) with the following modification to min-
imize staining variability, which allowed for quantitative comparisons between
various genotypes: animals from one genotype were labeled with fluorescein
isothiocyanate (FITC) and then fixed and stained in the same tube as unlabeled
animals from another genotype. For transgenic lines, fat phenotype was as-
sayed by comparing transgenic animals marked with Podr-1::dsRED and non-
transgenic animals, which were fixed and stained in the same tube. Genotype
combinations that caused a significant change in Sudan Black stainings of daf-
7(e1372) or daf-1(m40) were tested at least five independent times giving
consistent results. Genotype combinations that did not significantly alter the
excess fat of daf-7(e1372) or daf-1(m40) strains were tested in at least two in-
dependent experiments. For quantitation, Sudan Black images were collected
on a Zeiss Axioplan 2microscope fitted with a Hamamatsu ORCA-AG camera.
Staining intensities were quantitated using Improvision Openlab software.
Mean pixel intensity was calculated for staining in the region from the first in-
testinal cells adjacent to the pharynx midway through the animal to the vulva.
Background was determined based on pixel intensity of nonspecific staining in
the pharynx. Values are reported asmean pixel intensity minus background for
at least ten randomly selected animals per genotype. In each case, test and
control animals were fixed and stained in the same tube.
Pharyngeal Pumping Assay
Well-Fed Condition
Synchronized L1-stage larvae were grown on OP50 E. coli at low density at
20C. Pharyngeal pumping rate was counted at room temperature for individ-
ual well-fed, gravid adults using a Zeiss M2 BIO microscope and an electronic
counter (Diffcount). The number of pumps of individual animals was counted in
15 s intervals. Normally, pumping rates of 20 animals were counted per
genotype per day. These counts were repeated on at least three independent
assays performed on separate days.128 Cell Metabolism 8, 118–131, August 6, 2008 ª2008 Elsevier IncFood-Deprived Condition
Well-fed young animals were washed off plates and rinsed twice with S-basal
buffer (Brenner, 1974) and maintained in S basal in a rotating, 15 ml conical
tube for 30 min. Animals were then spun into a pellet, rinsed, and plated on un-
seeded plates. Pumping rates were measured for 20 animals per genotype
30 min postplating. These counts were repeated at least three independent
times.
Dauer-Pheromone Treatment
Thirty animals grown to the desired stages (late-larval stage/young-adult
stage) under well-fed conditions were transferred to pheromone plates con-
taining 30 ml/ml of a dauer-pheromone prep (Golden and Riddle, 1982) and
30 ml of OP50 E. coli food. These conditions caused dauer entry in 75% of
early larval-stage animals. The reported values are averages of 20 animals
per genotype per assay. Assays were repeated three independent times.
Dauer and Egg-Retention Assays
Synchronized L1 animals were seeded at low density on plates with plentiful
OP50 E. coli at 25C. The plates were maintained at 25C, and numbers of
adults and dauer larvae were counted 3 days after plating. Dauers were iden-
tified based on their dramatic visual characteristics (see example in Figure S1).
To confirm this visual inspection, in select cases, animals were washed off
plates and subjected to 1% SDS treatment, and surviving animals were
counted (Cassada and Russell, 1975). To assess egg-retention phenotype, an-
imals were synchronized and grown under well-fed conditions at low density.
Egg retention was scored in 2-day-old adults.
Plasmids and GFP-Reporter Fusion Constructs
Plasmids for tissue-reconstitution rescue lines were constructed using Gate-
way Technology (www.invitrogen.com). The daf-1 ORF was obtained from
the C. elegans ORFeome (www.openbiosystems.org). The daf-3 genomic
DNAwas cloned usingC. elegansORFeome primers and the pDONR-221 vec-
tor (Deplancke et al., 2004; Dupuy et al., 2004). Promoters for egl-3, bbs-1,
osm-6, glr-8, B0280.7, glr-1, glr-5, unc-17, glr-2, glr-4, unc-47, ggr-2, flp-1,
dop-1, nmr-2, myo-2, and flp-18 were constructed using Promoterome
primers and the pDONR-P4-P1R vector (Deplancke et al., 2004; Dupuy
et al., 2004). These promoters generally contained 2 kb of genomic sequence
upstream of the corresponding gene’s ATG start site. Promoters for daf-1, daf-
7, glr-7, tbh-1, tdc-1, and hsp16.2 were generated using primers to amplify
published promoter lengths (Alkema et al., 2005; Brockie et al., 2001a; Gunther
et al., 2000; Ren et al., 1996). Rescue constructs were generated using the
pDEST-MB14 (daf-1 and daf-1;daf-3 rescue) or modified plasmid pKA453
(daf-1;ser-2 rescue), which lacks the unc-119 rescue region and contains
a polycistronic GFP fusion. Rescue constructs were generated using the
pDEST-MB14 plasmid to obtain promoter::daf-1-ORF::gfp or promoter::daf-
3::gfp translational fusions (Vaglio et al., 2003), such that gfp was fused in
frame to the C-terminal end of daf-1 ORF, where the daf-1 stop codon had
been eliminated. Expression patterns of these translational full-length fusions
were compared to expression patterns of promoter::gfp transcriptional fusions
constructed by using pDEST-DD04 vector.
Transgenic Animals
For tissue-specific rescue experiments, daf-1(m40), daf-1(m40); daf-
3(mgDf90), and daf-1(m40); ser-2(pk1357) animals were injected with plasmid
of interest at a concentration of 20 ng/ml and coinjection marker Podr-1::dsRED
at a concentration of 30 ng/ml. At least three independent lines were generated
for each transgene.
Heat-Shock Activation of Phsp16.2::daf-1 Transgene
Synchronized L1-stage control and test animals were grown to L3/L4 or the
adult stage at 20C, then subjected to 34C heat shock for 45 min. Heat-
shocked animals were allowed to recover at room temperature for 1 hr. Fat,
feeding, and egg-retention phenotypes were assayed 30 min to 24 hr postre-
covery.
Genetic Screening and Molecular Mapping
Approximately 2500 daf-1(m40) animals were EMS mutagenized (Brenner,
1974). Approximately 24,000 resulting F1 progeny were grown at 20
C and
equally divided into 15 pools. These pools were allowed to self fertilize giving.
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C. elegans Neural Circuitry of Fat and Feedingrise to 125,000 F2 progeny. These animals were visually inspected for dark
intestine, egg retention, and Nile Red staining at 20C (Ashrafi et al., 2003).
Hermaphrodites with the desired phenotypes were singled onto plates and al-
lowed to reproduce. F1 progeny of these hermaphrodites were then re-exam-
ined for the desired phenotypes, and F2 progeny were divided into two groups,
one of which was examined for constitutive-dauer entry at 26.5C, and the
other was assayed for Sudan Black staining.
The ft9 suppressor was crossed into daf-7(e1372) animals and backcrossed
four times. For mapping purposes, we generated a CB4856 strain carrying the
Bristol daf-7(e1372) locus. The ft9 suppressor was mapped using standard
single nucleotide polymorphism techniques (Jakubowski and Kornfeld, 1999).
Biochemical Assessment of Fat Synthesis
Synchronized C. elegans were grown on a mixture of unlabeled bacteria and
13C-labeled bacteria. Total lipid was purified, converted to fatty acid methyl
esters, and analyzed by gas chromatography-mass spectrometry (GC/MS).
The fraction of palmitic, stearic, and vaccenic fatty acid produced via de
novo fatty acid synthesis, as opposed to fatty acid obtained from direct dietary
absorption, was calculated based on the relative isotope distribution.
Anatomical Methods
Identities of cells expressing gene-reporter fusions were determined by stan-
dard anatomical methods including dye filling of amphid neurons to help orient
positions of various neurons.
SUPPLEMENTAL DATA
Supplemental Data include three tables and six figures and can be found
online at http://www.cellmetabolism.org/cgi/content/full/8/2/118/DC1/.
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